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Introduction 


We  have  developed  a  model  that  directly  examines  the  motility  of  non-metastatic  and 
metastatic  tumor  cells  in  live  primary  tumors  in  situ.  Through  the  use  of  this  model  we 
have  observed  the  locomotion  of  metastatic  cells  and  cell  surface  features  of  these 
movements  in  live  animals.  It  is  clear  that  metastatic  tumor  cells  are  actively  motile  as 
they  disseminate  from  the  primary  site.  This  information  supports  the  three-step 
hypothesis  of  metastasis  which  proposes  that  motility  is  necessary  for  a  cell  to 
metastasize.  This  model  will  be  useful  in  describing  and  tracking  the  behavior  and 
interactions  of  these  metastatic  tumor  cells  in  vivo.  In  addition,  it  represents  an 
opportunity  to  reliably  procure  pure  populations  of  motile  tumor  cells  in  vivo  under  direct 
observation. 

Our  specific  aims  are  to  collect  pure  populations  of  motile  tumor  cells  by 
chemotaxis  of  tumor  cells  to  EGF  and  serum  into  a  catheter  and,  alternatively,  collect 
motile  tumor  cells  by  laser  capture  microdissection  from  tissue  sections  of  a  marked 
population  of  cells  that  had  been  documented  previously  to  be  motile  using  intravital 
imaging. 

These  cells  can  be  used  as  a  microbiopsy  to  examine  gene  expression  patterns 
unique  to  the  motile  and  potentially  metastatic  population  of  cells  in  the  primary  tumor. 
This  sub-population  can  be  compared  with  adjacent  but  distinct  populations  of  cells  in  the 
same  tissue  field  by  using  laser  capture  micro-dissection.  Both  methods  of  procurement 
of  pure  cell  populations  will  allow  quantitative  analyses  using  methods  based  on 
polymerase  chain  reaction,  reverse  transcriptase  PCR,  chromosome  mapping  and 
conventional  immuno  assay.  This  will  define  for  the  first  time  how  these  motile  cells 
differ  from  their  non-motile  neighbors  in  the  same  tumor  and  from  cells  in  non-metastatic 
tumors  at  the  level  of  gene  and  protein  composition  and  expression.  Such  analyses  will 
lead  to  the  discovery  of  genes  associated  with  the  motile  phenotype  in  invasive  and 
metastatic  tumors  which  may  have  diagnostic  and  prognostic  value. 
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Technical  Objectives 


To  achieve  the  goal  of  collecting  pure  subpopulations  of  motile  cells  from  live 
primary  tumors,  we  proposed  two  approaches: 

1 .  Collection  into  a  catheter  of  a  population  of  cells  documented  to  be  motile  by 
intravital  imaging. 

2.  Collection  by  Laser  Capture  Microdissection  of  a  marked  population  of  cells 
documented  to  be  motile  by  intravital  imaging. 

The  following  is  a  brief  description  of  our  research  accomplishments.  A  complete 
description  can  be  found  in  the  manuscripts  included  in  the  appendices. 

To  test  the  ability  to  collect  motile  chemotactic  cells  into  a  microneedle  using 
matrigel  as  a  substrate,  we  first  performed  the  experiment  in  vitro  with  cultured 
metastatic  adenocarcinoma  cells  (MTLn3)  against  a  range  of  EGF  concentrations  from 
0.5  nM  to  250  nM  EGF  (1;  included  in  appendices).  After  collecting  the  cells  for  up  to  6 
h,  we  found  an  8-fold  increase  of  cells  collected  over  needles  with  buffer  alone  at  a 
concentration  of  25  nM  EGF.  With  a  needle  containting  matrigel  mixed  1 : 1  with  25  nM 
EGF,  we  were  able  to  visualize  the  MTLn3  cells  orienting  toward  and  moving  in  the 
direction  of  the  matrigel  substrate  (1). 

After  further  characterization  of  the  tumors  generated  by  the  metastatic  MTLn3 
cells  and  the  non-metastatic  MTC  cells  using  the  intravital  imaging  system  we  developed, 
we  were  able  to  find  distinct  differences  between  the  two  tumors  (2;  included  in 
appendices).  We  found  that  the  MTLn3  cells  are  only  elongated  and  polarized  when  in 
association  with  blood  vessels,  while  the  MTC  cells  are  elongated  and  polarized 
randomly  throughout  the  tumor.  While  both  cell  types  have  the  same  approximate  speed 
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and  move  in  a  persistent  linear  motion,  MTLn3  cells  only  move  when  near  or  in  contact 
with  a  surrounding  vessel  and  there  is  a  higher  degree  of  host  cell  involvement  in  the 
metastatic  tumor  (2,  3).  MTC  cells  move  linearly  throughout  the  tumor  and  are  seen  to 
fragment  easily  especially  when  invading  a  vessel.  Also,  cells  can  be  collected  from  the 
right  atrium  of  the  heart  of  animals  with  MTLn3  tumors  at  a  90-fold  greater  efficiency 
than  from  animals  with  MTC  tumors  (2). 

By  performing  the  in  vivo  invasion  assay  using  the  microneedles,  we  were  able  to 
selectively  collect  the  motile  MTLn3  cells  from  the  living  tumor  at  a  greater  efficiency 
than  the  MTC  cells  (1).  Using  microneedles  filled  with  matrigel  mixed  1:1  with  buffer, 
25nM  EGF  or  10%  serum,  we  were  able  to  collect  MTLn3  cells  at  a  10-fold  greater  rate 
than  MTC  cells  in  buffer  alone.  Directly  comparing  the  two  tumor  types  with  needles 
under  identical  conditions,  15x  more  MTLn3  cells  enter  the  microneedles  containing 
EGF  than  MTC  cells,  and  6x  more  in  the  needles  containing  serum.  There  is  a  2-fold 
increase  of  MTC  cells  entering  the  serum  containing  needle  over  buffer-alone.  This  is  a 
significant  increase  over  background  and  is  confirmed  by  the  fact  that  MTC  cells  show  a 
similar  protrusive  response  to  serum  in  vitro  as  MTLn3  cells  but  to  a  lesser  degree. 
MTLn3  cells  enter  the  buffer-alone  needle  4x  more  than  the  MTC  cells  under  similar 
conditions.  This  is  possibly  due  to  the  chemoattractants  found  in  the  matrigel  or  to  the 
ability  of  the  MTLn3  cells  to  create  a  chemotactic  gradient  by  proteolyzing  the  matrigel 
into  small  chemoattractant  peptides  (1). 

The  use  of  laser  capture  microdissection  (LCM)  has  not  been  developed  because 
the  necessary  equipment  has  not  arrived  at  this  point  during  the  course  of  the  funding.  In 
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addition,  the  collection  of  the  motile  cells  from  the  primary  tumor  was  successful  and 
specific  enough  to  allow  for  further  experiments  and  interpretations,  without  the  need  for 
LCM. 


Kev  Research  Accomplishments 

3.  Characterization  of  non- metastatic  cells  in  an  in  vivo  primary  tumor  by  intravital 

imaging. 

4.  The  analysis  of  intravasation  at  the  primary  tumor  and  the  differences  between 

metastatic  and  non-metastatic  cells  in  vivo. 

5.  The  collection  of  the  motile  population  of  cells  from  a  primary  using  a  catheter 

filled  with  a  chemoattractant  mixed  1:1  with  matrigel. 


Reportable  Outcomes 
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Conclusions 


Since  motility  plays  an  important  role  to  the  dissemination  of  tumor  cells,  the 
need  to  understand  the  mechanistic  and  physical  elements  that  allow  cells  to  intravasate 
or  extravasate  needs  to  be  studied  at  the  molecular  and  protein  level.  Hence,  there  is  a 
need  to  be  able  to  differentially  separate  the  motile  subpopulation  of  cells  from  the 
nonmotile  and  host  tissue  that  surrounds  it.  By  taking  advantage  of  the  inherent 
chemotactic  motility  of  a  metastatic  cell,  we  were  able  selectively  collect  the  cells  within 
the  primary  tumor  that  have  the  ability  to  leave  the  tumor.  These  cells  then  can  be 
compared  to  cells  taken  from  the  primary  tumor,  from  the  blood  and  from  metastases  and 
by  proteomic  and  genomic  assays,  differences  between  these  cells  can  be  discovered  at 
the  molecular  level.  Since  metastasis  is  the  major  cause  of  mortality  in  breast  cancer 
patients,  discovering  how  the  cells  have  the  ability  to  metastasize  can  lead  to  treatment 
and  prevention.  Developing  ways  to  stop  motility  at  the  molecular  level  can  in  the  future 
lead  to  means  of  preventing  metastasis.  Our  ability  to  collect  the  motile  subpopulation 
and  at  the  same  time  image  the  primary  tumor,  so  as  to  differentiate  between  metastatic 
and  nonmetastatic  tumors  and  cells,  will  allow  for  both  the  ability  to  discover  these 
molecular  differences  and  to  test  possible  preventive  treatments  in  the  fight  against  breast 
cancer  and  metastatic  cancers  in  general. 
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Abstract 


In  this  study  we  report  that  needles  containing  chemoattractants  can  be  used  to 
collect  the  subpopulation  of  motile  and  chemotactic  tumor  cells  from  a  primary  tumor  in 
a  live  rat  as  a  pure  population  suitable  for  further  analysis.  The  most  efficient  cell 
collection  requires  the  presence  of  chemotactic  cytokines  such  as  EGF  and  serum 
components  and  occurs  with  15  fold  higher  efficiency  in  metastatic  tumors  compared  to 
non-metastatic  tumors.  Even  though  tumor  cells  of  the  non-metastatic  tumors  show  a 
motility  response  to  serum,  they  were  not  collected  with  high  efficiency  into  needles  in 
vivo  in  response  to  serum  indicating  that  additional  factors  besides  motility  are  required 
to  explain  differences  in  cell  collection  efficiencies  between  metastatic  and  non¬ 
metastatic  tumors.  The  results  reported  here  indicate  that  needles  filled  with  growth 
factors  and  matrigel,  when  inserted  into  the  primary  tumor,  can  faithfully  mimic  the 
environment  that  supports  invasion  and  intravasation  in  vivo.  Furthermore,  the  results 
indicate  that  the  same  cell  behaviors  that  contribute  to  chemotaxis  in  vitro  also  contribute 
to  invasion  in  vivo. 
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INTRODUCTION 


Metastasis  involves  the  escape  of  cells  from  the  primary  tumor  either  via 
lymphatics  or  blood  vessels,  transport  to  and  arrest  in  a  target  organ,  and  growth  of 
metastasis  in  the  target  organ  (1).  Each  of  these  steps  is  a  multicomponent  process,  with 
potentially  different  tumor  cell  properties  and  molecules  playing  critical  roles  at  different 
steps  (2).  Recently,  emphasis  has  been  on  the  development  of  molecular  arrays  to 
identify  new  genes  and  proteins  that  contribute  to  specific  steps  in  metastasis.  Such 
approaches  are  crucial  in  the  analysis  of  cancer  as  a  genetic  disease  and  in  the 
identification  of  key  genes  that  might  be  used  in  diagnosis  and  therapy.  However,  array- 
based  approaches  treat  the  tumor  as  a  black  box.  Ideally,  high  resolution  methods  for  the 
analysis  of  metastasis  at  the  cellular  level,  such  as  imaging  of  cells  within  tumors,  when 
combined  with  array  based  approaches,  could  be  used  to  accurately  evaluate  the  roles  of 
specific  gene  products  in  the  individual  steps  of  metastasis  at  the  cellular  level.  The  use 
of  Laser  Capture  Microdissection  as  a  front  end  for  array-based  gene  discovery  is  such  a 
fusion  approach  (3).  However,  some  of  the  cell  behaviors  that  are  believed  to  be 
essential  for  metastasis  such  as  adhesion  and  motility  (4,5)  cannot  be  used  as  criteria  in 
the  selection  of  cells  for  analysis  from  fixed  material  because  the  behavior  and  history  of 
individual  cells  cannot  be  inferred  from  fixed  material.  Methods  for  the  collection  of 
cells  from  living  tumors  in  which  key  cell  behaviors  can  be  observed  and  used  as  the 
criteria  for  cell  collection,  need  to  be  developed.  One  such  cell  behavior  is  the 
chemotaxis  of  tumor  cells.  Metastatic  tumor  cells  are  believed  to  chemotax  to  cytokines 
that  are  normally  found  in  association  with  blood  vessels  (6,  7,  1 1).  We  developed  a  cell 
graft  breast  tumor  metastasis  model  in  rats  that  is  syngeneic  and  orthotopic  that  permits 
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the  imaging  and  tracking  of  cell  behavior  in  live  tumors  (8,  1 1).  Using  this  model,  we 
have  observed,  in  metastatic  primary  tumors,  the  highly  persistent  linear  locomotion  of  a 
subpopulation  of  tumor  cells  toward  blood  vessels  in  vivo  using  intravital  imaging.  This 
locomotion  resembles  the  chemataxis  of  cells  observed  in  culture  (8,  9)  and  is  correlated 
with  metastatic  potential  (9,  10).  Tumor  cell  chemotaxis  is  also  correlated  with  the 
accumulation  of  metastatic  tumor  cells  around,  and  their  polarization  toward,  blood 
vessels  in  the  primary  tumor.  Furthermore,  chemotaxis  is  correlated  with  the  efficient 
intravasation  into,  and  survival  of  tumor  cells  in,  the  systemic  circulation  (11).  Since 
these  properties  are  not  observed  in  non-metastatic  tumors  prepared  from  cells  in  the 
same  way  (7,  11),  polarization  and  chemotaxis  toward  blood  vessels  are  believed  to  be 
important  in  intravasation  and  metastasis  (11).  In  this  study  we  report  that  chemotaxis 
can  be  used  to  advantage  to  collect  the  subpopulation  of  motile  and  chemotactic  tumor 
cells  from  a  primary  tumor  in  vivo  as  a  pure  population  suitable  for  further  analysis. 

Materials  and  Methods: 


Serum  upshift  of  cells  in  vitro 

MTLn3-GFP  and  MTC-GFP  cells  were  plated  in  35mm  dishes  at  a  density  of 
50,000  cells  per  dish  18  h  prior  to  the  experiment.  On  the  day  of  the  experiment,  cells 
were  starved  for  3  h  in  2  mis  of  MEM  containing  HEPES  and  0.69%  BSA,  which  is  the 
isotonic  equivalent  of  10%  FBS.  The  upshift  was  performed  as  described  before  (12), 
with  the  exception  that  the  cells  were  stimulated  with  10%  FBS.  Briefly,  the  dishes  were 
covered  with  a  thin  layer  of  heavy  mineral  oil  (Sigma  #  400-5)  and  placed  in  an  enclosed 
microscope  pre-heated  to  37°  c.  Using  a  CCD  camera,  single  frame  images  were 
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collected  using  NIH  Image  every  minute.  After  4  minutes,  2  ml  of  MEM  with  HEPES 
and  20%  FBS  were  added  to  the  dish  and  image  frames  were  collected  for  16  more 
minutes. 

In  vitro  cell  collection 

MTLn3  cells  were  plated  in  a  35  mm  dish  18  h  prior  to  the  experiment  so  as  to  be 
60-80  %  confluent  at  the  time  of  the  experiment.  On  the  day  of  the  experiment,  cells 
were  starved  using  MEM  with  0.35%  BSA  (MEM-BSA),  the  isotonic  equivalent  of  5% 
FBS,  for  2  h.  During  this  time,  26-gauge  syringe  needles  were  prepared  by  filling  them 
with  10  ul  of  Matrigel  mixed  1:1  with  MEM-BSA  or  MEM-BSA  containing  EGF  for  a 
final  concentration  of  0.5nM,  2.5nM,  5nM,  25nM,  50nM,  or  250nM  EGF.  After 
starvation  the  needles  were  attached  to  the  side  of  the  plate  using  paraffin  to  hold  them  in 
place  with  the  bevel  of  the  needle  facing  the  bottom  of  the  plate  so  that  the  matrigel  was 
in  contact  with  the  surface  of  the  plate.  Dishes  were  placed  into  a  37°  c  /  5.0%  C02 
incubator  for  up  to  6  h.  After  this  time,  the  contents  of  each  needle  was  extruded  into  a 
new  35-mm  dish  containing  MEM  with  5%  FBS  (growth  medium).  Cells  that  had 
entered  the  needle  were  allowed  to  grow  into  clones  for  6  days  to  determine  cell  count 
and  viability.  Positive  clones,  checked  by  GFP  fluorescence  and  cell  morphology,  were 
then  counted. 

To  image  the  cells  moving  toward  the  needle,  a  dish  was  plated  for  40-50% 
confluency  before  the  experiment.  Cells  were  starved  and  a  needle  was  prepared  as  above 
containing  matrigel  mixed  1:1  with  MEM-BSA  containing  25nM  EGF.  Images  as  single 
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frames  were  taken  using  the  heated  microscope  and  NIH  Image  every  30  min  as 
described  above.  The  dish  was  kept  in  a  37°  cl  5%  C02  incubator  between  images. 

In  vivo  cell  collection 

MTLn3-GFP  and  MTC-GFP  cells  were  injected  into  female  Fischer  344  rats  as 
described  before  (8,1 1)  and  tumors  were  allowed  to  grow  for  2.5  weeks.  On  the  day  of 
the  experiment,  33-gauge  needles  were  prepared  as  above  by  filling  them  with  matrigel 
and  MEM-BSA,  MEM-BSA  with  a  final  EGF  concentration  of  25  nM,  or  MEM-BSA 
with  a  final  FBS  concentration  of  10%.  All  needles  included  O.OlmM  EDTA,  pH  7.4  to 
sequester  heavy  metals  that  might  be  released  by  the  needle.  A  rat  was  anesthetized 
using  5%  isoflurane  and  laid  on  its  back.  The  isoflurane  was  reduced  to  2%  and  a  small 
patch  of  skin  over  the  tumor  was  removed.  Three  25-gauge  needles  (guide  needles)  with 
blocking  wires  were  inserted  to  a  depth  of  2  mm.  The  blocking  wire  was  removed  and 
one  of  the  matrigel  filled  needles  was  inserted  into  each  guide  needle  (as  shown  in  Figure 
3).  The  needle  was  then  left  in  the  tumor  for  6  h.  The  isoflurane  concentration  was 
slowly  lowered  to  0.5%  during  the  course  of  the  experiment  so  as  to  keep  the  rat's 
breathing  even  and  unlabored.  After  6  h,  the  needles  were  withdrawn,  extruded  into 
35mm  dishes  containing  growth  medium  and  all  cells  were  counted  immediately.  The 
percent  of  cells  with  GFP  fluorescence  was  determined. 

As  a  control  for  the  effects  of  matrigel,  a  33-gauge  needle  was  filled  as  above 
with  MEM-BSA  and  agarose,  for  a  final  concentration  of  1%  and  the  in  vivo  experiment 
was  performed  as  above. 
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Results 


In  vitro  cell  collection 

As  has  been  shown  previously,  MTLn3  cells  are  chemotactic  to  EGF  with  an 
optimum  concentration  at  5  nM  EGF  (12).  Also,  it  has  been  shown  that  MTLn3  cells, 
when  placed  in  a  gradient  generated  using  a  pipet  filled  with  50  (J.M  EGF,  will  orient 
toward  and  locomote  in  the  direction  of  the  pipet  exhibiting  true  amoeboid  chemotaxis 
(9).  MTLn3  cells  are  metastatic  when  reinjected  into  the  mammary  fat  pad  of  a  Fischer 
344  rat.  We  prepared  an  artificial  microenviroment  using  microneedles  filled  with 
matrigel  and  either  EGF  or  serum  as  the  chemoattractant  in  order  to  simulate  invasion 
and  intravasation  into  a  container  that  could  be  withdrawn  to  collect  the 
chemotactic/invasive  subpopulation  of  cells. 

To  establish  the  concentration  necessary  to  attract  MTLn3  cells  into  the  needle, 
needles  were  filled  with  a  range  of  EGF  concentrations  from  0.5  nM  to  250  nM  and 
inserted  into  a  cell  culture.  At  times  up  to  6  h  of  collection,  the  needles  were  withdrawn 
from  the  culture  and  the  contents  were  extruded  into  a  new  dish  with  growth  medium  and 
the  cells  were  allowed  to  grow  for  6  -7  days  to  determine  cell  counts  and  test  viability. 
The  number  of  cells  entering  the  needle  was  determined  by  the  number  of  GFP 
fluorescent  clones  that  grew  during  this  time.  At  the  peak  concentration  of  25  nM  EGF, 
an  8-fold  increase  in  the  number  of  cells  entering  the  needle  was  seen,  when  compared  to 
buffer  alone  (Figure  1).  The  number  of  cells  collected  decreased  at  50  nM  EGF,  and  by 
250nM  EGF,  the  number  of  cells  collected  returned  to  near  background. 
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The  differences  in  EGF  concentration  optimum  for  cell  response  between  the 
upshift  (5  nM,  (12)),  the  pipet  experiment  (50  |lM,  (9))  and  the  collection  experiment 
reported  here  (25  nM)  can  be  explained  by  the  differences  in  diffusion  of  EGF  in  the 
different  experimental  designs.  In  the  upshift,  there  is  no  gradient  involved  and  the  cells 
see  an  equal  and  constant  concentration  of  EGF.  For  the  pipet  experiment  the  gradient  is 
created  by  a  pipet  with  an  i.d.  of  <1  (im  and  the  concentration  outside  of  the  pipet  is  only 
a  fraction  of  the  concentration  in  the  pipet.  For  the  in  vitro  cell  collection  experiments 
reported  here,  the  i.d.  of  a  26-gauge  needle  is  250  |im;  hence  a  larger  %  of  EGF  is 
delivered  per  unit  time  so  that  a  much  lower  EGF  concentration  is  necessary  than  in  the 
pipet  experiment  (9). 

By  using  a  needle  loaded  with  matrigel  and  25  nM  EGF  in  MEM-BSA,  we  were 
able  to  capture  images  of  the  cells  moving  toward  the  pipet,  using  time-lapse  video¬ 
microscopy.  In  Figure  2,  the  matrigel  surface  at  the  edge  of  the  needle  is  delineated  by 
the  white  line  and  colored  gray.  At  time  zero,  cells  1  and  2  are  seen  as  non-polarized  cells 
with  no  discemable  leading  edge.  After  1.5  h,  cells  1  and  2  have  oriented  themselves 
toward  and  moved  in  the  direction  of  the  needle  induced  EGF  gradient,  extending  a 
leading  lamellapod  towards  the  needle.  Cell  3  has  also  moved  into  the  field.  After  3  h, 
all  three  cells  can  be  seen  to  have  moved  measurably  closer  to  the  needle.  The  cells 
move  toward  the  needle  at  a  velocity  of  0.32  um/min  which  is  comparable  to  the 
velocities  reported  previously  (9). 

In  vivo  Cell  collection 
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To  determine  if  cells  can  be  collected  from  tumors  in  vivo,  and  if  so,  if  there  is  a 


difference  in  collection  efficiency  of  cells  from  non-metastatic  and  metastatic  tumors, 
experiments  were  performed  by  placing  needles  into  the  primary  tumors  generated  by 
either  the  non-metastatic  MTC-GFP  or  the  metastatic  MTLn3-GFP  cell-lines.  For  this,  a 
33-gauge  needle  (i.d.  =  125  |im)  was  filled  as  above  and  inserted  into  the  guide  syringe 
after  a  blocking  wire  was  removed  (as  modeled  in  Figure  3).  The  needles  were  filled 
with  matrigel  plus  either  buffer,  25nM  EGF,  or  10%  FBS.  The  10%  FBS  was  used 
because  the  motility  of  both  MTLn3  cells  and  MTC  cells  is  stimulated  in  response  to 
10%  serum  (data  not  shown).  After  6  h  of  collection,  needles  were  withdrawn  and  the 
contents  of  each  was  extruded  into  a  35mm  dish  containing  growth  medium  and  collected 
tumor  cells  were  determined  by  GFP  fluorescence.  To  confirm  that  only  GFP  labeled 
cells  were  in  the  needle,  1  ug/ml  DAPI  was  added  to  the  dish  to  stain  all  cells.  All  DAPI 
stained  nuclei  were  in  GFP  labeled  cells,  indicating  that  only  tumor  cells  were  collected. 

The  number  of  cells  collected  for  each  condition  was  normalized  to  the  number  of 
cells  collected  from  the  MTC-GFP  tumors  using  needles  containing  matrigel  plus  buffer 
(MEM-BSA)  only  (Figure  4).  For  the  needle  with  25nM  EGF,  15.3-times  more  MTLn3 
cells  were  collected  from  metastatic  MTLn3  tumors  compared  to  MTC  cells  from  non¬ 
metastatic  MTC  tumors  under  the  same  conditions  of  collection.  In  this  case  a  maximum 
of  100  cells  was  collected.  Needles  containing  10%  FBS  showed  only  a  6.0-fold 
difference  between  the  two  tumor  types  under  the  same  conditions  (Figure  4).  There  was 
a  2-fold  increase  in  the  number  of  MTC  cells  entering  the  10%  FBS  needle  from  the 
MTC  tumors  compared  to  the  number  of  cells  that  entered  the  needle  containing  only 
buffer.  This  difference  was  shown  to  be  significant  (t-test  value  =  0.027),  and  is 
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consistent  with  the  increase  in  motility  of  MTC  cells  when  stimulated  with  10%  FBS  in 
vitro  (data  not  shown). 

In  addition,  in  needles  containing  only  buffer,  4.3-times  more  tumor  cells  were 
collected  from  MTLn3  tumors  than  from  MTC  tumors  (Figure  4).  To  determine  if  this 
was  due  to  a  cell  response  to  matrigel,  a  needle  was  filled  with  either  1%  agarose 
containing  MEM-BSA  or  1%  agarose  containing  10%  FBS  in  MEM-BSA.  MTLn3  cells 
are  able  to  adhere  and  grow  on  agarose.  However,  agarose  was  chosen  because  it  is  a 
polysaccharide  that  cannot  be  degraded  by  proteases.  The  number  of  cells  entering  the 
agarose  needles  was  at  background  for  both  the  10%  FBS  containing  needle  (data  not 
shown)  and  the  needle  with  buffer  alone  (Figure  4)  indicating  that  either  components 
within  the  matrigel  or  the  degradation  of  matrigel  provides  a  chemotactic  signal  to  the 
cells. 

Discussion 

In  this  study  we  report  that  needles  containing  chemoattractants  can  be  used  to 
collect  the  subpopulation  of  motile  and  chemotactic  tumor  cells  from  a  primary  tumor  in 
vivo  as  a  pure  population  suitable  for  further  analysis.  Our  results  demonstrate  that  tumor 
cells  are  collected  into  needles  that  have  been  inserted  into  a  primary  tumor  when  they 
contain  either  serum,  EGF  or  matrigel  but  not  agarose,  indicating  that  a  tactic  signal  is 
required  for  collection.  The  most  dramatic  accumulation  of  cells  in  the  needles  occurs  in 
response  to  either  EGF  or  serum.  EGF  is  known  to  be  a  chemoattractant  for  MTLn3  cells 
(9)  while  serum  stimulates  the  motility  of  both  MTLn3  and  MTC  cells.  However, 
matrigel  was  sufficient  to  collect  cells  above  backgroud  indicating  that  either  the  matrigel 
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contains  cytokines  that  are  chemotactic  for  these  cells  or  that  limited  proteolysis  resulting 
from  the  interaction  of  the  matrigel  with  the  tumor  is  sufficient  to  generate  a  gradient  of 
chemotactic  peptides.  Either  possibility  is  consistent  with  the  known  properties  of 
matrigel  (17,  18).  Furthermore,  MTLn3  cells  have  a  4-fold  greater  collagenase  activity 
compared  to  MTC  cells  (19),  which  may  explain  the  increase  in  the  number  of  MTLn3 
cells  collected  into  the  needles  containing  matrigel  compared  to  that  for  MTC  cells. 

Both  EGF  and  TGF-a  are  growth  factors  found  in  mammary  tissue.  MTLn3  cells 
have  around  50,000  EGF  receptors/cell,  while  EGF  receptors  on  the  MTC  cells  are  not 
detectable  (8).  By  using  EGF  as  the  chemoattractant,  we  were  able  to  selectively  collect 
15  times  as  many  metastatic  MTLn3  cells  from  MTLn3-derived  metastatic  primary 
tumors  as  MTC  cells  from  MTC-derived  non-metastatic  tumors.  Serum,  which  contains 
many  growth  factors  with  potential  chemotactic  activity,  also  stimulated  the  collection  of 
tumor  cells  from  MTLn3  tumors.  Even  though  MTC  cells  show  a  motility  response  to 
serum,  they  were  not  collected  with  high  efficiency  into  needles  in  response  to  serum 
indicating  that  additional  factors  besides  motility  are  required  for  the  large  increase  in  the 
number  of  MTLn3  cells  collected  in  response  to  serum. 

Morphologically,  MTC  cells  are  elongated  and  polarized  both  in  vivo  and  in  vitro 
while  the  MTLn3  cells  are  generally  unpolarized  both  in  culture  and  in  the  primary  tumor 
(10,  11).  This  difference  is  most  dramatically  illustrated  by  using  intravital  imaging 
techniques  where  GFP-expressing  tumor  cells  are  imaged  directly  in  the  primary  tumor 
(8,  1 1).  In  vivo,  MTLn3  cells  are  highly  polarized  around  and  oriented  toward  the  blood 
vessels  running  though  the  primary  tumor.  MTC  cells,  on  the  other  hand,  are  polarized 
throughout  the  tumor  but  the  polarity  is  randomly  oriented  relative  to  vessels  (11). 
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Characterization  of  the  cells  in  vitro  confirms  the  differences  between  the  two 
cell-lines.  In  cultures  that  have  not  been  stimulated  with  a  chemoattractant,  MTC  cells 
locomote  in  a  linear  direction  at  approximately  twice  the  velocity  of  MTLn3.  MTLn3 
cells,  under  these  conditions  are  unpolarized  and  move  in  random  directions  or  not  at  all 
(10).  Upon  stimulation  with  an  EGF  gradient,  the  MTLn3  cells  become  polarized  and 
move  linearly  at  approximately  the  same  speed  as  the  MTC  cells,  yet  have  the  ability  to 
reorient  themselves  to  follow  an  EGF  gradient  with  precision  (9)  a  property  not  seen  in 
MTC  cells. 

In  vivo,  in  the  primary  tumor,  both  cell  types  move  linearly  at  approximately  the 
same  speeds,  but  the  MTLn3  cells  tend  to  move  only  when  they  are  polarized  and  in 
association  with  a  vessel,  while  MTC  cells  can  be  seen  moving  throughout  the  tumor  (8, 
11).  The  ability  of  the  MTLn3  cells  to  invade  into  a  needle  filled  with  matrigel  in 
response  to  growth  factors  is  fully  consistent  with  the  chemotactic  motility  exhibited  by 
these  cells  in  vitro,  their  polarity  and  locomotion  toward  vessels  in  vivo,  and  with  the 
dramatically  increased  efficiency  of  intravasation  measured  as  blood  burden  of  tumor 
cells  in  vivo  (11).  This  suggests  that  chemotaxis  may  be  the  key  aspect  of  cell  motility 
that  contributes  to  invasion  and  intravasation.  It  also  suggests  that  needles  filled  with 
growth  factors  and  matrigel,  when  inserted  into  the  primary  tumor,  can  faithfully  mimic 
the  environment  that  supports  invasion  and  intravasation  in  vivo,  and  that  the  same  cell 
behaviors  that  contribute  to  chemotaxis  in  vitro  also  contribute  to  invasion  in  vivo. 

An  advantage  of  using  the  needle  collection  technique  described  here  for  the 
collection  of  cells  for  genomic/proteomic  analysis  is  that  the  cell  behavior  can  be 
characterized  during  the  collection  process.  This  can  be  done  by  varying  the  conditions 
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required  for  cell  collection  such  as  the  extracellular  matrix  composition  and/or  cytokines 
used  as  chemoattractants,  determining  how  these  changes  affect  efficiency  of  cell 
collection,  and  then  relating  these  observations  to  the  gene  expression  and  protein 
composition  patterns  subsequently  obtained  from  array  analysis  of  the  collected  cells. 
Furthermore,  cells  can  also  be  characterized  by  intravital  imaging  during  collection  to 
directly  visualize  the  cell-cell  and  cell-extracellular  matrix  interactions  that  contribute  to 
the  invasion  of  the  needle  under  these  different  conditions.  Finally,  by  comparing  the 
gene  expression  patterns  of  cells  collected  by  invasion  into  needles  with  that  of  cells 
obtained  from  the  whole  primary  tumor,  the  blood  and  whole  metastatic  tumors,  genes 
that  contribute  to  the  invasive  process  uniquely  may  be  identified. 
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Figure  Legends 


Figure  1:  Tumor  cells  are  collected  into  matrigel-containing  needles  in  response  to 
EGF.  Cells  in  culture  were  collected  in  needles  containing  matrigel  and  differing 
concentrations  of  EGF.  The  maximal  number  of  cells  was  collected  into  the  needle 
containing  25  nM  EGF.  Cell  numbers  were  normalized  to  MTLn3  cells  collected  with 
Matrigel  in  buffe.  The  error  bars  shown  are  the  SEM  of  3  experiments. 

Figure  2:  Tumor  cells  chemotax  toward  needles  containing  EGF.  Cells  are  seen 
orienting  and  moving  towards  a  needle  containing  matrigel  and  25  nM  EGF.  By  1 .5  h 
after  the  needle  was  placed  in  the  culture  dish,  cells  1  and  2  have  already  oriented 
themselves  toward  and  have  moved  in  the  direction  of  the  needle,  while  cell  3  has  entered 
the  field  of  view.  By  three  hours,  cells  1  and  2  have  reached  the  matrigel  edge.  The  edge 
of  the  matrigel  (*)  is  delineated  by  the  white  line  and  shown  in  gray.  Only  motile  cells 
within  the  field  are  numbered.  The  average  velocity  of  the  cells  is  0.32  ±  0.03  pm/min. 

Figure  3:  Method  for  using  needles  for  in  vivo  cell  collection.  Needles  (125  pm  I.D.) 
filled  with  matrigel  and  buffer,  25  nM  EGF,  or  10%  FBS  are  shown  placed  in  25-gauge 
guide  needles  that  are  inserted  into  the  primary  tumor  of  an  anesthetized  rat. 

Figure  4:  Metastatic  cells  (MTLn3)  are  more  efficient  than  non-metastatic  cells 
(MTC)  at  entering  matrigel  filled  needles  in  response  to  EGF  in  vivo.  Cells  were 
collected  from  metastatic  (MTLn3)  and  non-metastatic  (MTC)  tumors  using  the  in  vivo 
experiment  shown  in  Figure  3.  Maximum  response  was  for  cells  from  the  metastatic 
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MTLn3  tumors  into  EGF  and  serum  containing  needles.  Cells  were  collected  above 
background  from  metastatic  tumors  in  response  to  matrigel  in  buffer  but  not  agarose.  All 
counts  were  normalized  to  MTC  cells  collected  with  matrigel  in  buffer.  The  error  bars 
shown  are  the  SEM  of  4  experiments. 
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ABSTRACT 

Detailed  evaluation  of  all  steps  in  tumor  cell  metastasis  is  critical  for 
evaluating  the  cell  mechanisms  controlling  metastasis.  Using  green  fluo¬ 
rescent  protein  transfectants  of  metastatic  (MTLn3)  and  nonmetastatic 
(MTC)  cell  lines  derived  from  the  rat  mammary  adenocarcinoma  13762 
NF,  we  have  measured  tumor  cell  density  in  the  blood,  individual  tumor 
cells  in  the  lungs,  and  lung  metastases.  Correlation  of  blood  burden  with 
lung  metastases  indicates  that  entry  into  the  circulation  is  a  critical  step 
for  metastasis.  To  examine  cell  behavior  during  intravasation,  we  have 
used  green  fluorescent  protein  technology  to  view  these  cells  in  time  lapse 
images  within  a  single  optical  section  using  a  confocal  microscope.  In  vivo 
imaging  of  the  primary  tumors  of  MTLn3  and  MTC  cells  indicates  that 
both  metastatic  and  nonmetastatic  cells  are  motile  and  show  protrusive 
activity.  However,  metastatic  cells  show  greater  orientation  toward  blood 
vessels  and  larger  numbers  of  host  cells  within  the  primary  tumor, 
whereas  nonmetastatic  cells  fragment  when  interacting  with  vessels.  These 
results  demonstrate  that  a  major  difference  in  intravasation  between 
metastatic  and  nonmetastatic  cells  is  detected  in  the  primary  tumor  and 
illustrate  the  value  of  a  direct  visualization  of  cell  properties  in  vivo  for 
dissection  of  the  metastatic  process. 

INTRODUCTION 

Metastasis  leads  to  poor  prognosis  in  many  cancer  types.  Metastasis 
of  adenocarcinomas  involves  leaving  the  primary  tumor  either  via 
lymphatics  or  blood  vessels,  transport  to  and  arrest  in  a  target  organ, 
and  growth  of  metastases  in  the  target  organ  (1).  Each  of  these  steps 
is  a  multicomponent  process,  with  potentially  different  tumor  cell 
properties  and  molecules  playing  critical  roles  in  different  steps  (2). 
As  novel  molecular  methods  are  being  developed  to  identify  new 
genes  and  proteins  that  could  contribute  to  specific  steps,  it  is  impor¬ 
tant  to  develop  more  detailed  methods  for  the  analysis  of  metastasis  at 
the  cellular  level  to  accurately  evaluate  the  roles  of  specific  gene 
products  in  individual  steps  of  metastasis.  Similarly,  as  new  therapies 
are  developed,  the  effects  of  specific  treatments  on  the  individual 
steps  in  the  metastatic  cascade  need  to  be  evaluated. 

The  most  common  assays  for  metastatic  ability  in  vivo  have  been 
end  point  assays.  For  example,  i.v.  injection  of  tumor  cells  (often 
termed  “experimental  metastasis”),  followed  by  determination  of  the 
number  of  metastases  in  a  target  organ  such  as  the  lung,  is  a  simple 
method  for  evaluation  of  arrest  and  growth  of  tumor  cells  in  target 
organs  (3).  Detailed  studies  using  this  assay  have  demonstrated  that 
extravasation  per  se  tends  not  to  be  rate  limiting,  but  that  growth  of 
metastases  is  inefficient  (4,  5).  However,  this  assay  is  limited  by  the 
introduction  of  a  bolus  (typically  100,000  cells)  of  in  vitro  cultivated 


Received  8/27/99;  accepted  3/14/00. 

The  costs  of  publication  of  this  article  were  defrayed  in  part  by  the  payment  of  page 
charges.  This  article  must  therefore  be  hereby  marked  advertisement  in  accordance  with 
18  U.S.C.  Section  1734  solely  to  indicate  this  fact. 

1  Supported  by  grants  from  the  Department  of  Defense  Army  Breast  Cancer  Program 
[DAMD17-94-J-43 14  (to  J.  E.  S.)  and  DAMD 17-96- 1-6 129  (to  J.  S.  C.)]  and  a  New  York 
State  Department  of  Health  Empire  Award  (J.  S.  C.).  J.  E.  S.  is  supported  by  an  Estab¬ 
lished  Scientist  Award  from  the  New  York  City  affiliate  of  the  American  Heart  Associ¬ 
ation. 

2  To  whom  requests  for  reprints  should  be  addressed,  at  Department  of  Anatomy  and 
Structural  Biology,  Albert  Einstein  College  of  Medicine,  1300  Morris  Park  Avenue, 
Bronx,  NY  10461.  Phone:  (718)  430-4237;  Fax:  (718)  430-8996;  E-mail:  segall® 
aecom.yu.edu. 


cells  in  a  nonphysiological  manner.  A  more  physiological  approach  to 
analysis  of  tumor  cell  metastasis  makes  use  of  the  injection  of  tumor 
cells  into  an  appropriate  (orthotopic)  tissue,  followed  by  growth  of  a 
primary  tumor  as  the  source  of  tumor  cells  for  metastasis.  Such 
“spontaneous  metastasis”  assays  are  more  accurate  models  of  human 
disease  in  that  they  rely  on  growth  of  a  primary  tumor,  and  the  tumor 
cells  themselves  then  must  actively  leave  the  primary  tumor  and  enter 
the  vasculature  (6-8).  Cell  lines  specifically  selected  for  high  meta¬ 
static  ability  through  use  of  the  experimental  metastasis  assay  are  not 
necessarily  highly  metastatic  in  the  spontaneous  metastasis  assay  (9). 
Thus,  for  a  detailed  comparison  of  all  of  the  various  steps  of  metas¬ 
tasis,  an  assay  such  as  the  spontaneous  metastasis  assay  must  be  used. 

However,  analysis  of  metastasis  using  the  spontaneous  metastasis 
assay  typically  measures  only  the  growth  of  the  primary  tumor  and  the 
number  of  metastases  that  form  in  a  target  organ.  The  relative  effi¬ 
ciencies  for  various  steps  in  this  assay  have  never  been  directly 
determined.  Such  an  analysis  is  crucial  because  of  the  heterogeneity  of 
tumors  and  tumor  cell  lines.  Human  primary  tumors  show  extensive 
variation  in  all  properties,  ranging  from  growth  and  morphology  of 
primary  tumors  through  tumor  cell  density  in  the  blood  and  then 
formation  and  growth  of  metastases.  Similarly,  tumor  cell  lines  show 
broad  variation  in  formation  of  a  primary  tumor  and  metastatic  ability. 
As  specific  cell  lines  are  manipulated  to  express  particular  activated  or 
inhibitory  oncoproteins,  the  effects  on  metastatic  abilities  will  need  to 
be  interpreted  in  terms  of  the  particular  steps  in  the  metastatic  cascade 
that  are  affected.  Growth  of  the  primary  tumor  is  simple  to  quantify 
and  has  been  an  extremely  useful  assay  for  determining  proteins  that 
are  important  for  tumor  formation.  However,  entry  of  tumor  cells  into 
the  circulation  is  the  critical  first  step  in  the  metastatic  cascade,  and 
although  it  has  been  assayed  in  various  ways  (10-12),  it  has  not  been 
observed  directly. 

Because  for  certain  tumor  types  and  conditions  there  are  high  levels 
of  circulating  tumor  cells  (13,  14),  it  has  sometimes  been  assumed  that 
entry  into  the  circulation  is  not  a  critical  step  in  tumor  cell  metastasis 
and  that  formation  of  metastases  in  target  organs  is  rate  limiting.  Some 
studies  using  cell-based  assays  indicate  that  tumor  cell  burden  in  the 
blood  can  correlate  with  poor  prognosis  (15,  16).  However,  PCR  or 
antibody-based  assays  for  tumor  cells  in  the  blood  may  not  show  as 
strong  a  correlation  (17-20).  Animal  studies  using  well-characterized 
cell  lines  and  controlled  conditions  are  needed  to  evaluate  the  role  of 
intravasation. 

In  this  study,  we  describe  a  straightforward  procedure  for  compar¬ 
ing  intravasation,  extravasation,  and  growth  in  target  organs  during 
metastasis.  For  two  mammary  adenocarcinomas,  the  metastatic 
MTLn3  and  poorly  metastatic  MTC  cell  lines,  we  use  this  procedure 
to  demonstrate  that  intravasation  is  important.  We  then  use  in  vivo 
time  lapse  confocal  microscopy  of  MTLn3  and  MTC  primary  tumors 
expressing  GFP3  to  compare  the  behavior  of  metastatic  and  nonmeta¬ 
static  cells  relative  to  blood  vessels.  We  find  that  although  both 
metastatic  and  nonmetastatic  cells  are  motile  in  the  primary  tumor, 
metastatic  cells  are  polarized  toward  blood  vessels  and  nonmetastatic 


3  The  abbreviations  used  are:  GFP,  green  fluorescent  protein;  EGF,  epidermal  growth 
factor. 
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cells  tend  to  fragment  during  intravasation.  These  results  provide  new 
insights  into  the  differences  between  metastatic  and  nonmetastatic 
cells  and  have  implications  for  the  types  of  assays  that  should  be 
developed  for  prognosis. 

MATERIALS  AND  METHODS 

Cell  Lines.  MTLn3-GFP  cells  were  used  as  described  before  (21).  MTC- 
GFP  cells  were  created  using  retroviral  transfection  of  parental  MTC  cells  with 
a  GFP  expression  construct.  The  GFP  sequence  was  excised  from  pEGFPN  1 
(Clontech)  using  Nsil  and  EctfRI  and  subcloned  into  the  BamHllEcoRl  site  of 
pLXSN.  This  construct  was  then  transfected  into  Phoenix  cells  [supplied  by 
Vaughn  Latham  and  Rob  Singer  (AECOM,  Bronx,  NY)]  using  standard 
methods  (22,  23)  and  allowed  to  grow  overnight.  The  supernatant  was  col¬ 
lected,  spun  at  1000  rpm  for  5  min,  and  1  ml  was  overlaid  on  a  confluent  plate 
of  MTC  cells.  Positive  clones  were  selected  by  neomycin  selection  and  GFP 
fluorescence.  Stable  cells  were  cultured  the  same  as  parental  cells,  as  described 
previously  (24).  Cell  growth  rate  and  morphology  of  transfected  cells  was 
determined  to  be  the  same  as  parental  cells,  and  fluorescence  was  shown  to 
remain  constant  for  30  passages  (data  not  shown).  Extensive  histopathology 
studies  for  the  MTLn3-GFP  cells  (21)  and  the  MTC-GFP  cells  were  done  to 
confirm  that  their  metastatic  potentials  were  similar  to  the  parental  cell  lines. 

Blood  Burden,  Single  Cells  in  the  Lung,  and  Metastases.  Tumor  cell 
blood  burden  was  determined  by  placing  a  rat  with  a  6-week-old  tumor  under 
isoflurane  anesthesia  and  removing  4  ml  of  blood  from  the  right  atrium  via 
heart  puncture.  The  blood  was  then  spun  at  5000  rpm  for  5  min,  and  the  serum 
layer  and  buffy  coat  region  were  plated  into  a-MEM  growth  medium.  The 
following  day,  plates  were  rinsed  twice  with  Dulbecco’s  PBS  (Life  Technol¬ 
ogies,  Inc.)  to  remove  RBCs,  and  regular  growth  medium  was  added.  After  6 
days,  all  clones  in  the  dish  were  counted.  To  test  cell  viability  in  the  collection 
process,  blood  was  drawn  as  above  from  noninjected  rats.  Cultured  MTLn3- 
GFP  and  MTC-GFP  cells  were  removed  from  growth  dishes  using  trypsin/ 
EDTA.  Ten,  100,  and  1000  tumor  cells  were  added  to  1  mi  of  blood  and  1  mi 
of  medium,  respectively.  The  mixtures  were  then  centrifuged,  plated,  and 
counted  as  described  above  for  blood  samples  derived  from  rats  bearing 
tumors.  There  was  approximately  50%  recovery  of  tumor  cells  from  mixtures 
with  blood  as  compared  with  mixtures  with  growth  medium  for  both  cell  lines. 

For  visualization  of  single  cells  near  the  surface  of  the  lungs,  the  lungs  were 
removed  after  blood  removal  and  euthanization  of  the  rat.  The  lungs  were  then 
placed  in  matTek  dishes  (MatTek  Corporation,  Ashland,  MA)  with  1  ml  of  L15 
medium  (Life  Technologies,  Inc.)  to  keep  them  moist.  Ten  fields  from  each 
side  of  both  major  lobes  were  then  visualized  using  a  X60  objective  on  a 
Nikon  inverted  microscope.  All  whole  single  cells  visible  in  these  fields  were 
counted.  Tumor  cells  were  shown  to  be  countable  by  confirming  their  GFP 
fluorescence  in  the  fluorescein  channel  and  lack  of  fluorescence  in  the  rhoda- 
mine  channel  of  the  Bio-Rad  MRC-600  confocal  microscope.  A  field  is  the 
1.1 -mm  diameter  visible  area  through  the  microscope  oculars. 

For  measurement  of  metastases,  excised  lungs  were  placed  in  3.7%  form¬ 
aldehyde,  mounted  in  paraffin,  sectioned,  and  stained  with  H&E.  Slices  were 
viewed  using  a  X20  objective,  and  all  visible  metastases  in  a  section  contain¬ 
ing  more  than  five  cells  were  counted. 

Imaging  of  Living  Tumors  and  Their  Vasculature.  Tumor  imaging  was 
performed  as  described  previously  (21).  Briefly,  1  X  106  cells  were  injected 
under  the  second  nipple  anterior  from  the  tail  of  a  Fischer  344  rat  and  allowed 
to  grow  for  2.5  weeks.  After  2.5  weeks,  the  rat  was  placed  under  isoflurane 
anesthesia  and  the  tumor  was  exposed  using  a  simple  skin  flap  surgery,  with 
as  little  disruption  of  the  surrounding  vasculature  as  possible.  The  animal  was 
then  placed  onto  a  Bio-Rad  MRC-600  confocal  microscope,  using  a  X20 
objective  and  imaged  in  time  lapse,  with  a  single  image  being  taken  every 
minute.  On  average,  about  three  different  fields  of  each  tumor  were  imaged  for 
20-30  min  each. 

For  visualizing  vasculature,  200  jxl  of  rhodamine-dextran  (2  M  dalton; 
Sigma  Chemical  Co.)  at  20  mg/ml  in  Dulbecco’s  PBS  was  injected  into  the  tail 
vein  of  the  rat  after  anesthesia,  but  before  surgery.  The  vasculature  in  the  tumor 
was  then  visualized  using  the  rhodamine  channel  of  the  Bio-Rad  confocal. 

Quantification  of  Images.  Time  lapse  movies  were  reconstructed  using 
NIH  Image.  Movies  then  were  viewed  and  evaluated  for  the  following  criteria: 

(a)  cell  extension  and  retraction;  ib)  cell  locomotion  (21);  (c)  cell  orientation 
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to  the  vasculature;  and  ( d)  host  cell  locomotion.  Fields  are  defined  as  the 
visible  area  for  each  optical  condition  and  are  2.4  X  105  square  microns,  unless 
indicated  otherwise.  For  statistical  purposes,  an  experiment  is  defined  as  a 
single  tumor,  and  data  are  reported  as  the  percentage  of  time  lapse  sequences 
for  which  a  recorded  event  happens  during  an  experiment.  The  velocity  of  cell 
locomotion  was  determined  by  the  distance  the  cell  moved  between  image 
frames. 

Percent  orientation  in  Table  2  was  determined  as  the  percentage  of  blood 
vessels  in  an  imaging  field  with  four  or  more  directly  adjacent  cells  polarized 
toward  the  vessel.  Percent  orientation  was  corrected  for  randomly  polarized 
fields  of  cells  by  subtracting  from  the  above  value  the  percentage  of  blood 
vessels  with  both  adjacent  and  nonadjacent  cells  polarized  toward  the  vessel. 

RESULTS 

Entry  into  the  Bloodstream  Is  an  Important  Step  in  Metastasis. 

To  provide  a  quantitative  comparison  between  blood  burden  and  lung 
metastasis  during  spontaneous  metastasis,  we  made  use  of  mammary 
adenocarcinoma  cells  stably  expressing  GFP.  The  metastatic  MTLn3 
and  nonmetastatic  MTC  cell  lines  are  both  derived  from  the  Fisher  rat 
13762  NF  mammary  adenocarcinoma  (25).  They  were  transfected 
with  GFP  expression  vectors  and  the  neomycin  resistance  selection 
marker,  as  described  by  Farina  et  al.  (21)  and  in  “Materials  and 
Methods.”  The  cells  are  uniformly  fluorescent,  and  expression  of  GFP 
does  not  alter  their  metastatic  properties  (see  Ref.  21  and  below). 

Cells  were  injected  into  the  mammary  fat  pads  of  Fisher  344  rats 
and  allowed  to  grow  for  6  weeks.  To  determine  blood  burden  before 
filtration  by  any  capillary  bed,  but  with  minimal  perturbation  of  the 
primary  tumor,  the  rats  were  anesthetized,  and  4  ml  of  blood  was 
withdrawn  from  the  right  atrium  of  the  heart.  The  cells  in  the  serum 
and  buffy  coat  were  plated  in  growth  medium  and  allowed  to  grow  for 
1  week.  Tumor  cell  colonies  were  identified  by  cell  morphology  and 
GFP  fluorescence.  The  blood  of  rats  carrying  MTLn3  primary  tumors 
formed  about  23  colonies/4  ml  of  blood,  which  was  significantly  more 
than  the  blood  burden  of  <1  colony/4  ml  for  rats  carrying  MTC 
primary  tumors  (P  <  0.002;  Table  1,  column  2).  Control  experiments 
using  defined  numbers  of  cells  mixed  with  blood  showed  a  50% 
plating  efficiency  for  both  cell  lines.  Thus,  there  was  a  significantly 
larger  number  of  viable  tumor  cells  present  in  the  blood  of  rats 
carrying  MTLn3  tumors  compared  with  the  blood  of  rats  carrying 
MTC  tumors.  This  difference  was  not  due  to  larger  MTLn3  tumors 
(Table  1,  column  1).  MTC  tumors  tended  to  be  larger  than  MTLn3 
tumors. 

GFP  fluorescence  was  used  to  identify  single  cells  present  in  the 
lungs  of  the  same  rats  used  to  measure  blood  burden.  After  removal 
of  the  blood,  the  animals  were  euthanized  and  the  lungs  were  dis¬ 
sected.  The  lungs  were  viewed  using  a  confocal  microscope,  and  the 
number  of  fluorescent  cells  present  in  40  high  power  fields  was 
determined  for  each  animal.  Only  cells  showing  fluorescence  in  the 
GFP  channel  with  no  fluorescence  in  the  rhodamine  channel  were 
counted.  Rats  carrying  MTLn3  tumors  had  significantly  more  tumor 
cells  present  in  the  lungs  than  rats  carrying  MTC  tumors  (P  <  0.003; 
Table  1,  column  3).  In  addition,  for  rats  carrying  MTLn3  tumors, 
comparing  blood  burden  and  fluorescent  cells  in  the  lungs  in  each 


Table  1  In  vivo  tumor  cell  distributions 


For  MTLn3, 15  rats  received  injections  and  for  MTC,  8  rats  received  injections.  Tumor 
cell  distributions  were  measured,  means  and  SEs  of  the  mean  were  calculated,  and 
statistical  significance  was  evaluated  using  the  nonparametric  Wilcoxon  test. 


Tumor  size 
(cm3) 

Cells  in  blood 
(per  4  ml) 

Cells  in  lungs 
(per  40  HPF) 

Lung  mets 
(per  section) 

MTLn3 

31.0  ±  5.5 

22.8  ±  13.6 

35.7  ±  10.1 

17.9  ±  13.6 

MTC 

44.5  ±  9.9 

0.25  ±  0.16 

0.75  ±  0.75 

0 

P 

<0.4 

<0.002 

<0.003 

<0.003 
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Fig.  1.  MTLn3-GFP  cells  orient  toward  blood 
vessels,  whereas  MTC-GFP  cells  do  not.  Orientation 
of  MTLn3-GFP  cells  (A)  and  MTC-GFP  cells  (B)  to 
blood  vessels  in  the  primary  tumor.  A,  MTLn3-GFP 
cells  (green)  near  the  vessel  (red)  are  seen  to  orient 
themselves  toward  the  vessel  in  an  elongated  fashion 
(arrows)  as  opposed  to  those  away  from  the  vessel 
(arrowheads).  B,  MTC-GFP  cells  (green)  randomly 
associate  with  the  vessel  (red),  and  remain  elongated 
away  from  the  vessel.  Bar ,  25  ju,m. 


animal  there  was  a  significant  correlation  (correlation  coefficient, 
0.86;  P  <  0.0004).  However,  there  were  no  correlations  with  the  size 
of  the  primary  tumor  (correlation  coefficient,  0.23-  0.5;  P  >  0.05). 

To  evaluate  metastases  in  the  lungs  of  animals,  sections  of  lungs 
were  stained  with  H&E  and  evaluated  for  metastases.  Rats  carrying 
MTLn3  tumors  had  significantly  more  metastases  than  rats  carrying 
MTC  tumors  (P  <  0.003;  Table  1,  column  4).  In  addition,  for  rats 
carrying  MTLn3  tumors  there  was  a  significant  correlation  between 
blood  burden  and  metastases  (correlation  coefficient,  0.96; 
P  <  0.0001). 

In  summary,  from  this  analysis  there  was  a  clear  correlation  be¬ 
tween  tumor  cell  density  in  the  blood  and  either  numbers  of  single 
tumor  cells  in  the  lungs  or  metastases.  This  correlation  was  present 
both  when  comparing  metastatic  and  nonmetastatic  cell  lines  (MTLn3 
and  MTC)  and  when  comparing  MTLn3  tumors  on  the  level  of 
individual  animals.  To  our  knowledge,  this  is  the  first  time  that  such 
a  comparison  has  been  performed  on  a  single  animal  basis.  The 
presence  of  a  correlation  between  blood  burden  and  both  single  cells, 
as  well  as  metastases  in  the  lungs,  indicates  that  entry  into  the  blood 
is  important  for  metastasis  of  cells  derived  from  the  13762  NF 
mammary  adenocarcinoma.  These  data  suggest  that  a  more  detailed 
analysis  of  cell  behavior  in  the  primary  tumor  is  important  for  deter¬ 
mining  the  properties  that  enable  MTLn3  cells  to  gain  access  to  the 
circulation.  To  perform  such  studies,  we  made  use  of  the  GFP  ex¬ 
pression  of  these  cell  lines  to  perform  intravital  imaging  of  the 
primary  tumors. 

Intravital  Imaging  of  MTLn3  and  MTC  Primary  Tumors 

Metastatic  Cells  Are  Oriented  toward  Blood  Vessels.  As  re¬ 
ported  previously  (26),  MTLn3-GFP  cells  form  loose  clusters  of 
rounded,  nonpolarized  cells  in  the  primary  tumor,  whereas  MTC-GFP 
cells  are  elongated  and  polarized  in  tight  sheets.  This  was  confirmed 
by  both  histopathology  sections  and  intravital  imaging.  However, 
around  blood  vessels,  MTLn3-GFP  cells  were  elongated  and  polarized 
toward  blood  vessels.  In  Fig.  1  A,  MTLn3-GFP  cells  (green)  are 
elongated  and  polarized  ( arrows )  toward  the  vessel  (red),  whereas 
cells  away  from  the  vessel  are  rounded  (arrowheads).  Fig.  IB  shows 
MTC-GFP  cells  (green)  that  are  elongated  throughout  the  field  of 


view,  with  cell  elongation  occurring  independent  of  the  vessel  posi¬ 
tions.  Overall,  for  MTLn3  tumors,  57  +/-  6%  of  all  vessels  had 
polarized  cells  near  them,  compared  with  24  +/—  4%  for  vessels  in 
MTC-GFP  tumors  (Table  2,  column  1).  This  suggests  that  there  is  a 
vessel-mediated  effect  on  MTLn3  cells  that  results  in  orientation 
toward  the  vessels. 

The  differences  in  cell  locomotion  (translocation)  and  protrusive¬ 
ness  between  metastatic  and  nonmetastatic  cells  are  much  smaller  in 
the  primary  tumor.  During  a  time  lapse  sequence,  cells  within  the 
primary  tumor  can  be  detected  extending  and  retracting  processes,  as 
well  as  translocating.  Both  protrusiveness  and  translocation  were 
reported  previously  for  MTLn3-GFP  cells  in  the  primary  tumor  (21), 
and  similar  phenomena  were  observed  in  the  MTC-GFP  primary 
tumors.  For  the  MTLn3-GFP  tumors,  cell  protrusion  and  retraction 
occur  in  62%  of  tumors  compared  with  47%  for  MTC  tumors  (Table 
2,  column  2).  Fig.  2  shows  the  protrusive  activity  of  an  MTC-GFP 
tumor  cell.  The  cell  extends  a  small  protrusion  (Fig.  2B ),  which  then 
enlarges  (Fig.  2 C).  The  movement  of  the  leading  edge  of  this  cell  was 
3.8  fx m/min  during  maximum  rate  of  extension,  consistent  with  the 
average  rate  of  movement  seen  for  MTLn3  and  MTC  cells  (sec 
below).  For  MTLn3-GFP  cells,  the  most  obvious  shape  changes  occur 
at  the  periphery  of  vessels  where  the  cells  are  elongated,  whereas  for 
MTC  cells  protrusion  and  locomotion  occur  randomly  relative  to 
vessels. 

Cell  translocation  occurs  much  less  frequently  in  both  tumor  types. 
As  opposed  to  protrusive  activity,  only  a  small  fraction  of  the  cells 
within  a  primary  tumor  translocate  at  a  given  time.  MTLn3-GFP  cell 

Table  2  In  vivo  analysis  of  tumor  cell  behavior 

The  percentage  of  tumor  time  lapse  sequences  with  cells  showing  the  specified 
behavior  is  given,  together  with  SE  of  the  mean.  Orientation  was  determined  as  the 
percentage  of  blood  vessels  in  an  imaging  field  with  four  or  more  adjacent  cells  polarized 
toward  the  vessel  (see  “Materials  and  Methods”).  For  MTLn3  tumors,  a  total  of  122  fields 
from  45  tumors  containing  163  vessels  was  analyzed.  For  MTC  tumors,  a  total  of  63  fields 
from  24  tumors  with  97  vessels  was  analyzed. 


Orientation 

Protrusion 

Translocation 

Fragmentation 

MTLn3 

MTC 

P 

57%  ±  6% 
24%  ±  4% 
<0.0001 

62%  ±  5% 
47%  ±  7% 
<0.04 

17%  ±  4% 

10%  ±  4% 
<0.07 

6%  ±  2% 

32%  ±  5% 
<0.001 
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locomotion  within  the  primary  tumor,  as  reported  previously  and 
observed  with  more  tumors  here,  is  seen  as  a  linear  movement.  The 
cell  shown  in  Fig.  3  moves  on  a  linear  path  at  a  speed  of  3.6  /rm/min. 
This  type  of  movement  is  seen  in  17%  of  all  MTLn3  tumors  and  10% 
of  MTC  tumors  (Table  2,  column  3).  The  MTC-GFP  cell  shown  in 
Fig.  4  moves  at  a  rate  of  3.6  jam/min.  The  average  velocities  of 
movement  of  MTLn3  (3.4  juim/min,  12  cells)  and  MTC  (3.7  jam/min, 
7  cells)  were  similar. 

Nonmetastatic  Cells  Demonstrate  Extensive  Fragmentation. 

MTC-GFP  tumor  cells  show  a  significantly  greater  number  of  cell 
fragmentation  events  compared  with  MTLn3-GFP  tumor  cells.  Frag¬ 
ments  of  cells  are  visualized  breaking  from  cell  protrusions  and 
moving  away  at  an  accelerated  rate  of  speed  (Fig.  5).  In  Fig.  5,  a 
fragment  is  seen  attached  to  a  cell  extension  (A),  then  breaks  off  and 
moves  away  from  the  cell  ( B  and  C).  The  initial  rate  of  protrusion  of 
the  extension  was  2.8  jum/min,  but  the  fragment  speed  of  movement 
is  11-15  fxmhmn.  This  was  observed  in  32%  of  MTC-GFP  tumors 


Fig.  2.  MTC-GFP  cells  are  able  to  move  in  a  primary  tumor  by  first  sending  out  a  thin 
leading  edge  protrusion  through  a  small  space.  Protrusive  movement  of  a  whole  MTC- 
GFP  cell  within  the  primary  tumor  viewed  in  a  single  optical  section  in  situ.  A ,  initial 
position  of  cell.  B ,  initial  extension  of  protrusion.  C,  further  protrusion.  The  outline  shows 
starting  position.  The  images  are  5  min  apart.  Bar ,  25  fim . 


Fig.  3.  MTLn3-GFP  cells  exhibit  linear  translocation  in  situ.  Movement  of  a  MTLn3- 
GFP  cell  in  a  single  optical  section  of  the  primary  tumor.  The  cell  moved  over  a  distance 
of  22  fx m.  A ,  the  cell  seen  in  its  starting  position  ( outlined ,  with  arrow).  B,  cell  has  moved 
to  a  new  position  6  min  later  (arrow).  Its  starting  position  is  outlined.  The  cell  moved  at 
an  average  velocity  of  3.6  /Ltm/min.  Bar,  25  /utm. 


compared  with  6%  of  MTLn3-GFP  tumors  (Table  2,  column  4).  In  a 
number  of  cases,  the  fragmentation  was  seen  to  occur  in  blood  vessels. 
The  higher  velocity  of  the  fragment  is  consistent  with  passive  flow  in 
the  blood  because  the  velocity  is  too  high  for  cell  locomotion  (max¬ 
imum  about  4  jum/min)  and  close  to  the  velocity  of  blood  flow  in 
small  vessels. 

More  Motile  Host  Cells  Are  Visualized  in  Metastatic  Tumors. 

During  fluorescent  imaging  of  GFP-tagged  tumor  cells,  we  have 
observed  nonfluorescent  cells  moving  against  the  fluorescent  tumor 
cell  background  as  they  block  and  scatter  fluorescence  from  the  tumor 
cells  (Fig.  6).  It  is  likely  that  these  are  host  immune  system  cells  for 
the  following  reasons:  (a)  the  cells  are  not  fluorescent;  ( b )  the  cells  are 
smaller  than  the  tumor  cells;  and  (c)  the  speed  of  movement  is 
relatively  high  (on  the  order  of  10  jam/ min).  Although  host  cells  were 
observed  at  similar  frequencies  in  MTLn3  and  MTC  tumors  (28%  and 
23%,  respectively;  Table  3,  column  1),  there  was  a  significant  differ¬ 
ence  in  the  number  of  host  cells  observed.  For  MTLn3-GFP  tumors, 
there  was  an  average  of  11  host  cells  observed  per  field,  compared 
with  2  host  cells/field  for  MTC-GFP  tumors  (Table  3,  column  2).  The 
increased  numbers  of  host  cells  may  aid  in  either  polarizing  the  tumor 
cells  toward  blood  vessels  or  in  generating  pores  through  which  tumor 
cells  can  intravasate. 

Movies  of  the  data  from  which  the  figures  were  derived  are 
available.4 

DISCUSSION 

We  present  here  the  combination  of  two  novel  analyses  of  tumor 
cell  metastasis:  (a)  a  steady-state  analysis  of  tumor  cell  distributions 
in  individual  animals;  and  ( b )  in  vivo  imaging  of  cell  behavior  in 
primary  tumors.  The  steady-state  analysis  of  tumor  cell  distributions 
indicates  that  entry  into  the  vasculature  is  an  important  step  that 
contributes  to  differences  in  metastasis  between  MTLn3-  and  MTC- 


4  http://www.aecom.yu.edu/asb/segall/segall.htm. 
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Fig.  4.  MTC-GFP  cells  exhibit  linear  translocation  in  situ .  Movement  of  a  MTC-GFP 
cell  in  a  single  optical  section  of  the  primary  tumor.  A ,  cell  is  shown  outlined  in  its  starting 
position  (arrow).  B  and  C,  images  showing  a  progressively  linear  movement  (arrows). 
The  outline  shows  the  original  position.  The  cell  moved  at  an  average  speed  of  3.6 
/Ltm/min.  The  images  arc  4  min  apart.  Bar.  25  urn. 


derived  tumors.  To  define  the  mechanisms  behind  this  difference,  we 
used  confocal  microscopy  of  GFP-transfected  cells  in  anesthetized 
animals.  MTLn3  tumor  cells  were  more  highly  oriented  around  blood 
vessels  compared  with  MTC  tumor  cells.  Protrusive  activity  and 
random  cell  movement  were  similar.  However,  MTC  tumor  cells  were 
much  more  likely  to  form  fragments.  In  addition,  more  host  cells  were 
detected  in  MTLn3  tumors  compared  with  MTC  tumors. 

Steady-State  Analysis  of  Metastasis.  We  have  used  a  steady-state 
analysis  of  tumor  cell  distributions  in  individual  animals  to  develop  a 
general  method  for  comparing  intravasation  with  growth  in  the  lungs 
during  metastasis.  We  have  found  that  although  the  primary  tumor 
sizes  formed  are  similar,  rats  carrying  the  more  metastatic  MTLn3 
tumors  have  about  90  times  more  cells  in  the  blood  than  rats  carrying 
MTC  tumors.  Although  previous  studies  had  demonstrated  that  MTC 
cells  injected  i.v.  form  few  metastases  in  the  lungs  (27),  this  is  the  first 


demonstration  that  MTC  cells  arc  also  unable  to  effectively  enter  the 
circulation. 

There  are  two  limitations  in  our  estimate  of  tumor  cell  density  in  the 
blood.  First,  because  we  are  using  colony  counts,  each  clump  of  tumor 
cells  would  be  counted  as  a  single  colony-forming  unit,  or  cell  (10,  12, 
14).  Second,  the  cells  must  be  able  to  grow  in  vitro.  Given  that  these 
tumor  cell  lines  grow  well  in  vitro  before  injection  into  the  animal  to 
form  a  tumor,  the  latter  limitation  is  not  significant.  Reconstruction 
experiments  in  vitro  indicate  that  exposure  to  blood  perse  produces  a 
roughly  50%  reduction  in  plating  efficiency  for  both  cell  lines.  Thus, 
our  estimate  of  tumor  cell  density  in  the  blood  may  be  an  underesti¬ 
mate  of  the  true  number. 

To  determine  whether  metastasis  of  the  MTLn3  cells  could  be 
dependent  on  intravasation  as  well,  we  compared  the  tumor  cell 
density  in  the  blood  with  single  cells  and  metastases  in  the  lungs  for 
each  rat  carrying  MTLn3  tumors.  Wc  found  a  significant  correlation 
between  blood  density  and  single  cells  or  metastases  in  the  lungs.  This 
result  suggests  that  entry  into  or  survival  in  the  vasculature  is  an 
inefficient  step  for  MTLn3  cells  as  well  as  for  MTC  cells.  In  addition, 
for  animals  carrying  MTLn3  tumors,  the  number  of  lung  metastases  is 


Fig.  5.  The  protrusions  of  MTC-GFP  cells  in  situ  are  seen  to  break  off  from  the  cell 
body  and  move  away  rapidly.  A.  cell  protrusion  before  being  broken  off  (arrow).  B  and 
C.  fragment  broken  off  from  the  protrusion  (a nows).  The  outline  shows  starting  position. 
Speed  of  fragment  after  breaking  away  from  protrusion  suggests  movement  into  vascular 
flow  (large  hash  marks  delineate  vessel).  The  initial  speed  of  protrusion  is  2.8  fi m/min; 
after  release  it  increases  to  11-15  /im/min.  The  images  are  I  min  apart.  Bar ,  25  fim. 
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less  than  would  be  expected  given  the  single  cell  density  in  the  lungs. 
This  indicates  that  growth  of  metastases  in  the  lungs  is  also  inefficient, 
as  has  been  well  recognized  (28-32). 

In  Vivo  Imaging  of  the  Primary  Tumor.  Given  the  results  above 
indicating  that  intravasation  is  an  important  difference  between  met¬ 
astatic  and  nonmetastatic  tumors,  a  more  detailed  analysis  of  the  cell 
behavior  in  the  primary  tumor  becomes  important.  A  number  of 
researchers  have  made  use  of  GFP  (5,  21,  33-35)  or  lacZ  (36-40) 
expression  to  increase  the  sensitivity  of  observations  of  disseminated 
tumor  cells  in  target  organs.  We  made  use  of  techniques  developed  to 
follow  individual  tumor  cells  in  primary  tumors  with  an  intact  blood 
supply.  By  using  a  confocal  scanning  microscope  to  image  cells  that 
stably  express  green  fluorescent  protein,  we  are  able  to  follow  cell 
movements  over  30  min.  These  studies  provide  the  first  comparison  of 
in  vivo  cell  behavior  at  the  primary  tumor  with  metastatic  ability. 


Fig.  6.  Host  cells  can  be  visualized  as  shadows  on  top  of  white  fluorescent  cells  in  the 
primary  tumor.  Host  cell  movement  over  MTLn3-GFP  cells  in  a  single  optical  section  of 
the  primary  tumor  viewed  in  situ.  A-C,  host  cells  are  seen  as  black  shapes  ( arrows ) 
moving  over  fluorescent  tumor  cells  (MTLn3-GFP).  The  outline  shows  the  starting 
position.  Host  cells  move  at  7.7  /u-m/min,  and  the  images  are  7  min  apart.  Bar,  25  jum. 


Table  3  Host  cells  in  tumor 

The  percentage  of  tumor  time  lapse  sequences  with  cells  showing  the  specified 
behavior  is  given,  together  with  SE  of  the  mean.  For  MTLn3  tumors,  a  total  of  122  fields 
from  45  tumors  was  analyzed.  For  MTC  tumors,  a  total  of  63  fields  from  24  tumors  was 
analyzed. 


Tumors  with  host  cells 

Number  of  host  cells 

visualized 

per  field 

MTLn3 

28%  ±  5% 

11.18  ±  1.33 

MTC 

23%  ±  6% 

1.8  ±0.19 

P 

<0.45 

<1  X  10~8 

There  are  three  major  differences  between  the  MTLn3  and  MTC 
primary  tumors:  increased  cell  orientation  toward  blood  vessels  in 
MTLn3  tumors,  increased  fragmentation  of  cells  in  MTC  tumors,  and 
increased  numbers  of  putative  host  cells  in  MTLn3  tumors.  There  are 
not  as  dramatic  differences  in  protrusive  activity  and  random  cell 
translocation  between  these  tumors. 

Increased  cell  orientation  of  MTLn3  cells  toward  blood  vessels 
could  increase  the  efficiency  with  which  they  can  then  intravasate. 
The  increased  orientation  could  result  in  directed  movement  into  the 
blood  vessel  and  more  cells  moving  into  the  blood.  The  orientation 
could  be  induced  by  chemoattractant  diffusing  from  the  blood  vessel. 
Growth  factors,  including  EGF  or  platelet-derived  growth  factor,  are 
present  in  platelets  and  smooth  muscle  cells  ( e.g .,  see  Refs.  41-44). 
Release  of  growth  factors  from  these  cells  or  endothelial  cells  could 
provide  a  gradient  that  would  produce  a  chemotactic  response. 
MTLn3  cells  are  chemotactic  toward  EGF  in  vitro ,  whereas  MTC 
cells  are  not  (45).  MTLn3  cells  express  more  EGF  receptors  than 
MTC  cells  (46),  and  expression  of  the  EGF  receptor  in  MTC  cells 
increases  chemotactic  responses  to  EGF  and  metastatic  ability  (47, 
48).  Expression  of  the  EGF  receptor  and  other  EGF  receptor  homo- 
logues,  such  as  ErbB2,  have  been  correlated  with  poor  prognosis.  It  is 
possible  that  chemotactic  signaling  mediated  by  the  EGF  receptor  is 
important  in  enhancing  metastatic  capability  in  addition  to  the  well 
characterized  effects  of  EGF  receptor  signaling  on  mitogenesis. 

The  increased  fragmentation  of  MTC  cells  compared  with  MTLn3 
cells  provides  an  additional  mechanism  by  which  viable  cell  number 
in  the  blood  might  be  low  for  MTC  cells.  In  some  cases,  we  have 
identified  fragmentation  occurring  during  intravasation.  If  the  shear 
forces  in  the  blood  vessels  are  causing  MTC  cells  to  fragment  as  they 
enter  the  blood  vessel,  that  event  will  eliminate  the  possibility  of 
metastasis.  The  increased  susceptibility  to  fragmentation  of  MTC  cells 
could  reflect  a  lack  of  orientation  toward  the  blood  vessel  and  slow 
traversal  of  the  endothelium  due  to  a  reduced  chemotactic  response,  as 
suggested  above.  Morris  et  al  (49)  have  reported  fragmentation  of 
tumor  cells  injected  i.v.  and  then  viewed  during  extravasation  into 
microvascular  beds.  At  the  extravasation  stage  of  metastasis,  frag¬ 
mentation  of  both  metastatic  and  nonmetastatic  cells  may  occur  if 
cells  do  not  rapidly  polarize  and  exit  the  blood  vessel. 

The  observation  of  fragmentation  of  poorly  metastatic  cells  has 
important  implications  for  biochemical  or  molecular-based  assays  of 
blood.  Given  that  cell  fragments  would  contain  tumor  protein  and 
DNA,  immunological  assays  for  tumor  proteins  or  PCR-based  assays 
for  tumor  DNA  would  be  positive,  although  the  fragments  would  be 
unable  to  metastasize.  In  that  event,  PCR-  or  protein-based  assays  of 
blood  samples  might  not  be  useful  for  predicting  metastases.  A 
cell-based  assay  that  evaluates  the  size  of  cells  may  be  a  more 
powerful  predictor  of  poor  prognosis. 

An  unexpected  dividend  of  the  GFP-based  imaging  was  the  ability 
to  image  motile  nonfluorescent  cells  against  the  background  of  fluo¬ 
rescent  cells.  We  have  observed  small,  rapidly  moving  cells  that  are 
likely  to  be  host  immune  cells.  H&E  sections  of  the  primary  tumor 
confirm  that  host  immune  cells  are  present  in  the  primary  tumor  (data 
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not  shown),  supporting  this  interpretation.  Increased  numbers  of  im¬ 
mune  system  cells  could  contribute  to  increased  metastasis  by  pro¬ 
duction  of  chemotactic  factors  or  degradation  of  extracellular  matrix 
barriers  ( e.g see  Refs.  50-54). 

Breast  cancer  both  in  humans  and  in  animal  models  including  the 
MTLn3  cells  (21,  55)  spreads  to  lymph  nodes,  indicating  that  the 
lymphatic  circulation  can  also  be  important  for  tumor  cell  metastasis. 
In  our  in  vivo  studies,  in  cases  in  which  tumor  cells  are  oriented  or 
exiting  the  tumor  in  the  absence  of  a  labeled  blood  vessel,  it  is 
possible  that  the  cells  are  interacting  with  lymphatics.  Comparing  the 
in  vivo  behavior  of  tumor  cells  around  lymphatics  with  their  behavior 
around  blood  vessels  awaits  development  of  an  appropriate  in  vivo 
marker  for  lymphatics. 

In  summary,  we  have  demonstrated  a  method  for  providing  a  more 
detailed  analysis  of  metastatic  ability  of  tumor  cells.  The  method  is 
straightforward  and  should  be  valuable  in  determining  the  contribu¬ 
tions  to  metastasis  of  specific  proteins  expressed  in  tumor  cells.  In 
addition,  our  in  vivo  analysis  of  tumor  cell  behavior  has  indicated  that 
cell  orientation  toward  blood  vessels  may  be  a  characteristic  of 
metastatic  cells  and  that  poorly  metastatic  cells  can  fragment  during 
intravasation.  These  distinctions  may  prove  important  in  choosing 
appropriate  assays  for  predicting  disease  progression. 
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Imaging  of  Primary  Tumors  in  Whole  Animals  Using  Laser-based  Tomography 

John  S.  Condeelis,  Joan  G.  Jones,  Jeffrey  B  Wyckoff,  and  Jeffrey  E.  Segall 

We  have  developed  a  model  in  which  the  motility,  adhesion  and  cell-cell  interactions  can 
be  examined  in  live  primary  tumors  in  whole  animals.  Subcutaneous  injection  of  GFP- 
expressing  cells  with  graded  metastatic  potential  into  the  mammary  fat  pad  of  female 
Fischer  344  rats  generates  primary  tumors  that  fluoresce  when  GFP  excited.  Moving  cells 
are  imaged  in  the  live  rats  under  anesthesia,  with  either  a  laser  scanning  confocal  or  a 
multiphoton  microscope.  Imaging  at  high  resolution  in  the  non-metastatic  and  metastatic 
tumors  demonstrates  significant  differences  between  the  two  which  account  for 
differences  in  metastatic  potential  (see  abstract  by  Segall  et  al.).  Non-metastatic  tumors 
are  more  fibrous  and  less  necrotic  with  tumor  cells  that  are  highly  polarized  and  less 
motile.  Metastatic  tumors  are  more  necrotic  with  tumor  cells  that  are  unpolarized  except 
near  blood  vessels  where  they  are  highly  polarized  with  cell  protrusions  toward  the 
vessel.  Metastatic  cells  move  in  groups  or  streams  of  cells  suggesting  a  preferred  micro¬ 
environment  for  locomotion  and  probable  chemotaxis  in  vivo.  Comparison  of  imaging 
with  the  laser  scanning  confocal  and  multiphoton  microscopes  demonstrates  the  greater 
imaging  depth  of  the  multiphoton  microscope  (~10x)  in  these  breast  tumors.  This  allows 
direct  and  rapid  observations  of  the  blood  vessel  distribution  in  primary  tumors. 
Multiphoton  imaging  also  permits  visualization  of  extracellular  matrix  directly  due  to  its 
autofluorescence  in  the  near  UV  allowing  the  observation  of  cell  adhesion  and  proteolysis 
in  vivo  and  its  correlation  with  cell  motility.  This  is  the  first  model  that  allows  direct 
observations  of  metastasis  in  an  intact  orthotopically  grown  primary  tumor  while  in  the 
live  animal. 


The  Rate-limiting  Step  in  Metastasis:  In  vivo  Analysis  of  Intravasation  at  the 
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and  John  S.  Condeelis 

Determination  of  the  rate-limiting  step  in  tumor  cell  metastasis  is  critical  for  evaluating 
the  cell  mechanisms  controlling  metastasis.  Using  GFP  transfectants  of  the  metastatic 
MTLn3  and  non-metastatic  MTC  cell  lines  derived  from  the  rat  mammary 
adenocarcinoma  13762  NF,  we  have  measured  tumor  cell  density  in  the  blood,  individual 
cells  in  the  lungs,  and  lung  metastasis.  Correlation  of  blood  burden  with  lung  metastases 
indicates  that  entry  into  the  circulation  is  a  rate-limiting  step  for  metastasis  for  both 
metastatic  and  non-metastatic  cell  lines.  Consistent  with  previous  work,  cell  arrest  in  the 
lungs  is  efficient,  while  growth  of  metastases  in  the  lungs  is  inefficient.  To  examine  cell 
behavior  at  the  critical  step  of  intravasation,  we  have  used  GFP  technology  to  view  these 
cells  in  time  lapse  images  within  a  single  optical  section  using  a  confocal  microscope 
(see  abstract  by  Condeelis  et  al.).  In  vivo  imaging  of  the  primary  tumors  of  MTLn3  and 
MTC  cells  indicates  that  both  metastatic  and  non-metastatic  cells  are  motile  and  shoe 
protrusive  activity.  However,  metastatic  cells  show  greater  orientation  towards  blood 
vessels,  and  larger  numbers  of  host  cells  within  the  primary  tumor,  while  non-metastatic 
cells  show  greater  fragmentation.  Metastatic  cells  show  chemotactic  responses  to  EGF  in 
vitro,  and  such  responses  in  vivo  may  enable  metastatic  cells  to  avoid  fragmentation  and 
thus  enhance  their  ability  to  survive  entry  into  the  circulation.  These  results  demonstrate 
that  cell-based  assays  for  determination  of  cell  properties  in  vivo  are  necessary  for 
dissection  of  the  metastatic  process. 


